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Thermal conductivities of hot-mlx glasphalt samples 
were determined experimentally using the transient line 
source method. The samples were at different glass per- 
centages and at a density range of 13I.O-I5I.O lb/ft .
Temperatures used for measuring thermal conductivities 
were 212-24.0°F. The results were used to establish a 
relationship which will predict thermal conductivity as a 
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Hot-mlx glasphalt Is different from hot-mlx asphalt 
concrete only In the presence of glass In the heterogeneous 
mixture of stone aggregates. Crushed glass (from bottles) 
was added, In different quantities, to the samples to study 
thermal conductivity of samples ranging from 0.0 to 100.0 In 
their glass percentage.
Previous work by Dickson (Dickson, 1973? p. IO8) showed 
a decrease In the thermal conductivity as the percentage of 
glass was Increased. However, the density was also decreas­
ing as glass percentage was Increased. This showed need for 
the study on samples with constant density.
In this thesis, all samples made were witliin a small 
range of density: 137*4-151.3 Ib/ft^. From the results of
these samples, a relationship for thermal conductivity as a 
function of glass percentage was obtained. Then, these 
results were combined with those of Dickson In order to 
develop another relationship to predict thermal conductivity 
as a function of both glass percentage and density.
An attempt to explain why glasphalt has a lower thermal 
conductivity than the conventional asphalt concrete was made.
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THEORY
In this thesis, the transient line source method pre­
sented by Marovelll (Marovelll, 1965, p. 2) was used. In 
this method, the heat moves radially outward through the 
sample from a long, thin heater wire or line source. A 
thermocouple Is placed close to the midpoint of the wire 
and used to plot temperature rise with time. Shape, size, 
and surface finish of the sample are relatively unimportant. 
However, the proper ratio should be maintained between the 
probe length and Its diameter. A ratio of 30 to 1 was con­
sidered minimal and 100 to 1 Ideal.
The transient line source method uses the following 
relationship, expressed mathematically, between time and 
temperature at any point near an Infinite line source In an 
Infinite homogeneous Isotropic media:
T = - -3- fY+ln g L  _ _ 2 _  r !_ + 1 34wk 4at 1x11 4at 2x21 4at
 ̂t (Lt ) + •••] (1)3x3.’ 4at
The derivation of this equation Is found In the Maro­
velll report (Marovelll, 1965? P . 18-19).
This equation Is approximated by the following equation
2with less than 1 percent error If the restriction (R /4at)
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£ 0.0058 Is met:
T = - ^  (Y + in (2)
the minimum thermal diffusivity is: a = = 0.00792 ft^/hr
 ̂ Pwith a minimum value of k of 0.299 Btu/(ft-hr-°P) and a maxi­
mum of density (p) of I6O.O Ib/ft^ and an effective specific 
heat (C ) of 0.236 Btu/(lb-°F) (Dickson, 1973, p. 100). The 
minimum length of time (t) used for thermal conductivity 
measurement was 0.02 hr and the maximum distance (R) was .001 
ft (Tlhen, 1968, p. 531). Using the maximum value of distance 
and the minimum value of time and thermal diffusivity, the 
maximum value of R^/4at = O.OOI58. This value of R^/4at Is 
less than O.OO58; therefore, equation (2) may be used with 
very little error.
At two different times, equation (2) gives the differ­
ence between the temperatures as follows:
?2 - (3)
Rearranging gives the relationship for k :
The thermocouple gave the values of temperature at two dif­
ferent times. The heat Input (q) In units of Btu/ft-hr was 
calculated by the following equation:
q  =  (I)(V)(3.4i44) ( g )
L
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where I Is the current Input to the heater wire and V is the 
voltage drop across the wire and L is the length of the line 
source.
The following is the final form of the relationship 
used to calculate thermal conductivity throughout this 
thesis :




In order to use the transient line source method for- 
thermal conductivity determination, the following equipment 
was required: samples of hot-mlx glasphalt, probes placed In 
the samples, thermocouples surrounded by the heater wires 
Inside the probes, an oven to control the samples’ ambient 
temperatures, a direct-current power supply to supply an 
electric current to the heater wires, a voltmeter to measure 
voltage across the wire, an ammeter to measure the power 
Input through the heater wire, and a chart recorder to meas­
ure temperature rise as a function of time. Essentially all 
of the above equipment, except the samples, was used In 
Gist’s thesis (Gist, 1971, P . 7-16). A brief description 
of this equipment follows.
Samples
Hot-mlx glasphalt samples were prepared using the 
Marshal method technique (the Asphalt Institute, I963, p . 
23-41). Getting the same, or close, density for all samples 
was a major objective. Therefore, a diameter of 4 Inches, 
a height of about 2.75 Inches, and a constant total weight 
of 1280 grams for all samples was used. In the preparation 
of the samples, the glass and concrete (stone) mixture was
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weighed and put In a small pan. Each sample consisted of 
different amounts of glass and concrete, according to the 
desired glass percentage. The asphalt cement weight was 
approximately the same for all samples, 5-6% of total weight. 
Then, the pan and the mold were placed In an oven to be 
heated overnight to a temperature range of 225°F to 300°F.
The asphalt cement was always kept In a container placed In 
another oven and heated within a range of 175-190°F. When 
ready to make the sample, the hammer was heated using boil­
ing water and the asphalt cement was heated by a hot electric 
plate. Then, the glass-concrete mixture was mixed with 
asphalt vigorously to ensure coating of all particles. This 
mixture was placed Inside the hot mold and then the mold 
was placed In the compaction pedestal and application of 
certain number of blows, using the preheated hammer, was 
made. The sample face was then reversed and another number 
of blows was applied until the desired height Is obtained.
The second face required more blows In order to compensate 
for cooling which occurred during the compaction on the 
first face. The number of blows required on each face was 
a trial and error procedure.
After each sample was cooled It was weighed In air, 
then dipped In melted wax, weighed again In air, and then 
weighed In water. This made possible the calculation of 
density. Compaction blows used and densities of all samples
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are tabulated in Table 1, p. 8. It is clear from Table 1
that the densities of all samples were not the same; however,
it was possible to obtain a small range of density of 137.4-
151.3 Ib/ft^. Also, It should be noted that a density of 
q138.1 lb/ft was the maximum attainable density for 100% 
glass samples.
Each sample was drilled with a 1/8-lnch-dlameter 
masonry drill bit which satisfies the restriction of a 
ratio of 30 to 1 for the line source to Its diameter (Gist,
1971, p. 8).
Probe
The probe placed In the glasphalt sample consisted of 
chromel-alumel thermocouples made of 24-gauge wire which was 
Inserted In a shrlnkable plastic tube. This was done In 
order to separate, electrically, the thermocouple junction 
from the heater wire. Then, a 32-gauge nlchrome heater wire 
with a length of 10.5 Inches was wrapped around the tube. 
Finally, the probe was Inserted In the hole drilled In the 
sample, and In order to achieve a good contact between the 
sample and the probe, the space- between them was filled with 
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Figure 1. Probe Assembly
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The rest of the equipment consisted of a DC power sup­
ply, an ammeter, a voltmeter, a Honeywell Electronlk 19^ 
chart recorder, a standard resistance and an oven, Plgure 2, 
p. 13, shows all of these pieces connected together.
The oven was a natural convection electric furnace with 
a control ability of about il.O*^F. However, setting the 
dial to a specific temperature was not possible because the 
control dial provided only a coarse adjustment on the oven 
temperature.
The ammeter and the voltmeter were Honeywell Model 333 
digital read-out multimeters. When used as a voltmeter, the 
multimeter was switched to 10 volts full scale DC voltage 
setting with an error of iO.Ol volts. And when the multi­
meter was used as an ammeter the multimeter was switched to 
a full scale DC current setting of 1 ampere with error of
iO.OOl amps.
Finally, the power source had a capacity of supplying 
1.5 amps, with a fluctuation of ±0.001 amps In the current 
It supplies. However, by the use of a fine control the 
current could be adjusted within ±0.001 amps, so a constant 
current was maintained while making a thermal conductivity 
measurement. When heating of the sample Is done a switch 
will let the current flow through the standard resistance.
A sensitive chart recorder with a full scale of .1 mv
T 1594 12
















was used to plot the temperature rise, in millivolts, as a 
function of time. The recorder plots the difference of tem­
perature, In millivolts, between the sample being heated 
and a reference sample (see Figure 2, p. 13). Throughout 
this work, the same reference sample was used. Figure 2 
also shows the sample, being heated, connected from Its 
nlchrome wire ends to both the voltmeter and the ammeter 
which. In turn. Is connected In series with the power supply 
source to provide readings of both the voltage drop across 
the sample and the current passing through It.
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EXPERIMENTAL PROCEDURE
Three thermal conductivity measurements were needed for 
each sample to ensure reproducibility and to minimize error. 
The temperature considered when measuring thermal conduc­
tivities doesn’t matter too much since thermal conductivity 
Is not a strong function of temperature (Gist, 1971, p. 27- 
54). However, all measurements were taken at a small range 
of temperature at which most of the actual paving Is done, 
212-240°F.
Two questions should be answered before making the 
thermal conductivity measurements: how long does It take
for the center of the sample to reach the oven temperature? 
and how long does It take for the center of a heated sample 
to cool back to the oven temperature, after the electrical 
heating for 10 minutes? The answer to the first question 
was experimentally determined and found to be about 400 
minutes (6.7 hours). Also, the answer to the second ques­
tion was experimentally determined and found to be about 245 
minutes (4.1 hours). Therefore, to ensure enough time for 
the temperature to be homogeneous In the sample, each set of 
4 samples were placed In the oven and were left to be heated 
to oven temperature overnight. And when the thermal conduc­
tivity measurements were taken, the samples were left at
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least 5 hours to cool back to oven temperature before the 
next measurement took place.
When measuring thermal conductivity, 4 samples were 
used at the same time and from each sample the two thermo­
couple ends and 4 leads connected to the heater nlchrome 
wire come out of a small hole at the top of the oven. The 
leads coming from the nlchrome wire are connected to the 
power supply source and the voltmeter. The thermocouple 
ends, of each sample at a time, were connected to one of the 
reference sample’s thermocouples and the chart recorder.
The other end of the reference sample’s thermocouple was 
connected to the chart recorder.
The following Is a brief outline of the procedure:
1) At the same time, four samples were placed Inside 
the oven and their leads and thermocouple ends were drawn 
out of the oven and labeled. Then, the samples were left 
overnight to get heated to a temperature range of 212-240°?.
2) One end of the first sample’s thermocouple was 
connected to one end of the reference sample’s thermocouple 
and the remaining two ends were connected to the chart 
recorder.
3) The first sample’s nlchrome wire leads were con­
nected to both the power supply source and the voltmeter.
4) The chart recorder was set on 0.1 mv full scale and 
Its speed was set on 1.0 minute per Inch and then the
•T 1594 17
recorder was turned on and the oven was turned off.
5) The power supply source switch was moved to let the
current pass through the sample Instead of the standard
resistance.
6) After ten minutes the power supply source switch 
was moved back to Its original position to let current pass 
through the standard resistance.
7) The oven was turned on again.
8) Steps 2-7 were repeated for each sample Inside the
oven.
9) At least 5 hours were considered for all samples to 
cool back to oven temperature and then the whole process, 
steps 2-8, was repeated again for the same 4 samples.
10) When 3 thermal conductivity measurements for each 
of the 4 samples were taken, steps 1-9 were repeated on 
another set of 4 samples.
When all measurements were taken the chart recorder 
plot for each measurement was used to obtain a plot of 
temperature-rlse (In °P) as a function of time (In minutes). 
The tlme-temperature values will produce a linear relation­
ship If they were plotted on a semilog paper. The tempera­
ture Is the ordinary coordinate and the time Is the log 
coordinate. Figure 3, p. 19, shows one plot for Illustra­
tion. In all the 66 measurements made, the linear relation­
ship was obtained from the tlme-temperature values starting
T 1594 18
Figure 3. Semilog Plot for Temperature-rlse as a Function 
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at 2.0 minutes and ending at 10.0 minutes after the initial 
heating of the sample. The values are taken at 2.0 minutes 
time and later to allow a short transient period used for 
heating the probe. The slope of the plot of the time- 
temperature relationship, plotted on a semilog paper, and 
the values of current and voltage, read when taking the 
measurement, were used for the calculation of thermal con­
ductivity (see Equation (6), p. 4).
Since plotting the time-temperature relationship by 
merely looking at the points would have introduced error, 
it was considered much better if all the slopes were obtained 
by a more objective way. Therefore, all the 66 values of 
the slopes were obtained by the use of a least square poly­
nomial fit computer program. The slopes were actually 
obtained by the use of such a program and the data used as 
input are found in Appendix A. The calculated k values are 
listed in Appendix B. A sample input and output and a list­
ing of the program are shown in Appendix D. This computer 
program was written by Mr. C. R. Baer at the Colorado School 
of Mines and it was stored in the computer library under 
the name of: ST2001[17000,53.
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DISCUSSION OF RESULTS
The results obtained from samples I-I6 were used to 
obtain a relationship between thermal conductivity and 
glass percentage. Samples 17-22 results were used to in­
vestigate the reason as to why glasphalt has a lower thermal 
conductivity than the conventional asphalt concrete. Addi­
tional thermal conductivity values obtained from literature 
were used and combined with the results of samples I-I6 to 
obtain even a more precise relationship between thermal con­
ductivity and both glass percentage and density of the 
sample.
Samples I-I6 covered glass percentages from 0.0 to 
100.0%. For each percentage of glass two samples were made 
to test reproducibility and to give more confidence in the 
final results. Densities of these samples ranged from 
137.42 to 151.3 Ib/ft^. For each sample, 3 thermal conduc­
tivity measurements were taken. This resulted in 48 k 
values which were used to obtain a linear relationship for 
thermal conductivity as a function of both density and glass 
percentage as follows:
k = A(% glass) + B(p) + C 
But when the computer program (see Appendix D) for a least 
square polynomial fit was used, only coefficients A and C
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were determined, which meant coefficient B was very small 
and insignificant for the range of density of these samples 
(later, it will be shown that when a wider range of density 
was used, coefficient B appeared and it was significant). 
Figure 4, p. 26, shows the above relationship plotted using 
the computer program calculated values of A and G. Also, 
Figure 4 shows two intervals around the plotted relationship. 
These intervals are confidence and prediction intervals.
The confidence interval brackets the mean value of k.
So, if the reader were to make k measurements under the same 
conditions and the same number of runs used for samples I-I6 
he should obtain mean values of k within the limits of this 
confidence interval with a 95% confidence (Johnson, 1964, 
p. 392). However, the prediction interval is used for the 
prediction of an individual value of k to be observed in the 
future with, again, 95% confidence (Bowker, 1959, P . 254).
It should be noted here that the above relationship and its 
confidence and prediction intervals are used for a range of 
density between 137.42 and 151.3 Ib/ft^, rather than for a 
very specific value of density. The statistical calculations 
are presented in Appendix C.
Samples 17-22 were made of large glass pieces, resembling 
the stone aggregates in size and general shape, to test 
whether the principle of combination-of-resistances (Dickson, 
1973, p. Ill) is what causes glasphalt to have a lower
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thermal conductivity. Samples 17, I8 , 21, and 22 were made 
from 1/2 - 1 inch glass pieces. Samples 19 and 20 were made 
of 1/2-inch size and less. The results showed that the size 
was probably not the main cause of k values observed in 
glasphalt samples and perhaps the difference in the material, 
here glass vs. stone aggregates, is the major cause. Also, 
samples 19 and 20 showed k values about 0.45 while the larger 
size samples, 17, I8 , 21, and 22, gave k values about 0.33.
No immediate explanation for this behavior is available. 
However, several factors could have had some effect. These 
include, among many others, the size distribution, the par­
ticle orientation, and the material used in the sample. More 
study in these areas is needed.
By combining the results obtained by Dickson (Dickson, 
1973, p. 108) with the results obtained from samples I-I6,
oa wider range of density, 13I.8-I6O.O lb/ft , becomes avail­
able. The 75 k values, all k values listed in Appendix B, 
were used as an input for the same least square polynomial 
fit computer program, listed in Appendix D, and the coef­
ficients of the following relationship were determined: 
k = A ’(% glass) + B(p) + C 
and when the glass percentage and density are determined the 
expected value of k could be calculated. Figure 5, p. 33, 
shows this relationship plotted for different values of p: 
135.0 , l40.0, 145.0 , and 15O.O Ib/ft^. The above relation­
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ship may have confidence and prediction intervals for a 
specified value of density. Figure 6, p. 35, and the sta­
tistics section. Appendix C, show and illustrate the calcula- 
tion of the confidence interval for a density of 145.0 lb/ft 
with a 95% confidence, as an example. The reader may obtain 
similar relationship plots and their intervals for any other 
desired density in the range of I3I.8-I6O.O Ib/ft^.
The experimental errors for the measurements of thermal 
conductivity in this work were introduced by the following 
sources: the ammeter reading was ±0.001 amps, the voltmeter
reading was ±0.01 volts, the time read from the chart was
±0.5 seconds, and the temperature read from the chart was
±0.02°F. All of these errors contributed in ±0.011 error in 
the calculation of k value. This error is not significant 
enough to change the results obtained, nor would it affect 
the shape of the plots obtained. The oven temperature was 
within ±1.0°F and the density determination was within 
±0.04 l b / f t ^ T h e s e  two later errors also have no great 
values that would affect the results or the shape of the
curves plotted in Figures 4, 5, and 6.
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Figure %. Thermal conductivity as a function of glass 






Figure 5. Thermal conductivity as a function of glass 
percentage for densities: 135.0, 1%0.0,





















Figure 6. Confidence interval for glasphalt thermal 
conductivity with density = 1^5.0 lb/ft
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CONCLUSIONS
Thermal conductivity of glasphalt is a dependent func­
tion on both glass percentage and density and may be 
expressed by k = C + A(% glass) + B(p), where p is density 
in lb/ft . More glass percentage and lower density result 
in a low k value. In this work the difference in the 
material used, glass vs. stone aggregates, is probably the 
cause for low k values in the case of glasphalt compared to 
the k values of conventional asphalt concrete.
More study is needed in the areas of orientation of 
particles and the size, distribution effect on thermal con­
ductivity. Also, it is recommended that thermal conductivity 
measurements be made for samples of stone aggregate and 
samples of glasphalt but with stone aggregates having a k 
value close to that of pure glass k value, .5 Btu/ft-hr-°F.
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NOMENCLATURE
T = temperature of a point close to the line source, °P 
k = thermal conductivity, Btu/ft-hr-^F
q = heat input from unit length of the line source per
unit time, Btu/ft-hr
Y = Euler’s constant = 0.5772
R = distance between the line source and any point in
the sample = ft
p = density, Ib/ft^
a = thermal diffusivity, ft^/hr
Cp = specific heat, Btu/lb-°F
t = time, hours
V = voltage drop across the heater wire, volts
1 = current passing through the heater wire, amps
L = probe length, ft (for this thesis it was equal to
0.33  f t )
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APPENDIX A
Table Al. Weights and Densities of Samples 1-22 (Asphalt 
Cement was 5-6% of Total Weight in All Samples)
Glass Weight Concrete Weight Density
Sample # % Glass (grams) (grams) (lb/ft 3)
1 0.0 0.0 1200.0 144.301
2 10.0 120.0 1080.0 151.295
3 25.0 300.0 900.0 145.3864 37.0 444.0 756.0 140.765
5 50.0 600.0 600.0 145.697
6 66.0 792.0 408.0 142.194
7 75.0 900.0 300.0 141.0468 100.0 1200.0 0.0 137.418
9 0.0 0.0 1200.0 151.180
10 10.0 120.0 1080.0 149.470
11 25.0 300.0 900.0 147.650
12 37.0 444.0 756.0 144.430
13 50.0 600.0 600.0 146.77014 66.0 792.0 408.0 143.920
15 75.0 900.0 300.0 143.540
16 100.0 1200.0 0.0 138.100
17 100.0 1200.0 0.0 133.556
18 100.0 1200.0 0.0 133.823
19 100.0 1200.0 0.0 134.902
20 100.0 1200.0 0.0 134.38921 100.0 900.0 0.0 132.514
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APPENDIX B
Table B1. k values obtained for samples 1-22 (k]_, k2, and 
kg refer to thermal conductivities of run 1, run 
2, and run 3, respectively, in Btu/ft-hr-^F).
Sample # k^ kg kg
1 0.702 0.657 0.6602 0.608 0.617 0.618
3 0.766 0 . 6 6 8 0.759
4 0.552 0.706 0 . 6 8 8
5 0.457 0.496 0.472
6 0.299 0.337 0.332
7 0.595 0 . 4 6 4 0.530
8 0.387 0.351 0.341
9 0.705 0.720 0.940
10 0.733 0.798 0.676
11 0.698 0.634 0 . 6 4 6
12 0.506 0 . 4 1 7 0 . 4 2 7
13 0 . 5 5 9 0.554 0.654
14 0.579 0.508 0.456
15 0.536 0 . 5 6 4 0.561
16 0.369 0.353 0.353
17 0.317 0.324 0.315
18 0 . 3 4 8 0.325 0.353
19 0 . 4 2 6 0.430 0.436
20 0.471 0.495 0.477
21 0.320 0.334 0 . 3 4 1
22 0.344 0.345 0.345
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Table B2. k values of glasphalt, with densities and glass 




(lb/ft k values. Btu/hr--ft-°P
100.0 131.8 0.362, 0.333, 0.326, and 0.40 0
100.0 133.0 0.397
75.0 138.1 0.394, 0.373, and 0.445
75.0 140.0 0.464
66.0 145.5 0.579
50.0 144.5 0.515, 0.575, and 0.600
50.0 146.7 0.607
50.0 147.0 0.718
25.0 152.2 0.776, 0.710, 0.770, and 0.761
25.0 154.0 0.782
0.0 145.0 0.870




Two intervals are useful when plotted around the rela­
tionship plot of k as a function of glass percentage. These 
intervals are confidence and prediction intervals. The con­
fidence interval will bracket the mean value of k with a 
certain confidence. And the prediction interval will pro­
vide a zone within which a single observation of k will fall 
with, again, certain confidence.
Statistics on Results Obtained from Samples I-I6
Confidence Interval : the confidence interval for samples
I-I6 results was calculated as follows (Johnson, 1964, p. 392)





b  = - 0.00359
n = 4 8
l-y/2 = 0.95 (% confidence)
ti|6, ' 95 = 2.0147 (from statistics tables)
X = 45.375 (mean of the independent variable, glass 
percent)
X = values of glass percentage to be chosen for con- 
° structing the confidence interval




E ( x , - x )  = 4 8 6 2 3 . 2 5
1 = 1 ^
n=48 n=48 n=48
S = /[ E k . '-a E k.-b E x.k.]/(n-2)
1=1 1=1 1=1 ^
= 0.09366
Therefore the confidence interval is:
k = 0.725 - 0.00359
1 ( x ^ - 4 5 . 3 7 5 )  1/2
± [ ( 2 . 0 1 4 7 )  + 1j8 6 2 3 . 2 5 — ) - ( 0 . 0 9 3 6 6 ) ] .
Choosing few values for x will generate Table Cl for the 
upper and lower limits of the confidence interval.
Table Cl. Upper and lower limits for the confidence interval 
for the mean value of k with a 95% confidence and 
for a range of density of 137.42-151.3 lb/ft
Lower Limit Estimated k Value Upper Limit
x^ (Btu/ft-hr-°F) (Btu/ft-hr-°F) (Btu/ft-hr-°F)
0.0 0.677 0.725 0.773
10.0 0.648 0.689 0.730
20.0 0.618 0.653 0.688
30.0 0.587 0.617 0.647
40.0 0.553 ' 0.581 0.609
50.0 0.518 0.546 0.574
60.0 0.480 0.510 0.540
70.0 0.439 0.474 0.509
80.0 0.397 0.438 0.479
90.0 0.355 0.402 0.449
100.0 0 .311. 0.366 0.421
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Prediction Interval: the prediction Interval for the
results of samples I-I6 was calculated as follows (Bowker, 
1959, p. 254):
n ( X  - X ) ^  1/2
k = a+bx^ ± -S]
E (x.-x)
1 = 1 ^
_ 2All values of a, b, x^, l-y/2, n, ^n-2,l-y/2’ )
n 2
E (x.-x) and S are the same as those used for the confidence 
1 = 1 ^
Interval. Therefore the prediction interval is:
k = 0.725 - 0.00359
( x  - 4 5 . 3 7 5 ) 2  1/2 
± [ ( 2 . 0 1 4 7 ) ( 1  + ^  + — & g 2 3 T 2 5 — ) ( 0 . 0 9 3 6 6 ) ]
and few values of x will generate Table C2.
Figure 4, p. 26, shows both the confidence and the 
prediction intervals.
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Table C2. Upper and lower limits for the prediction interval 
for predicting a single value of k with a 95% 








0.0 0.530 0.725 0.920
10.0 0.496 0.689 0.882
20.0 0.461 0.653 0.845
30.0 0.426 0.617 0.808
40.0 0.390 0.581 0.772
50.0 0.355 0.546 0.737
60.0 0.319 0.510 0.701
70.0 0.282 0.474 0.666
80.0 0.245 0.438 0.631
90.0 0.207 0.402 0.597
100.0 0.170 0.366 0.563
Statistics on Results of Samples I-I6 Combined With Dickson’s
Results (Dickson, 1973, P . 108) for Density = 145.0 lb/ft3.
Confidence Interval: the confidence interval for k.
with density = 145.0 Ib/ft^ IS :
(x-x)2 1/2




a ’ = 0.700 (by lumping constants together:
-1.5792 + (0 .01572)(145.0) = 0.700 
b ’ =-0.00226 
n = 7 5  
I-y/2 = 0.95
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tyg,0.95 = 1.9957 
X = 45.58667
X = value of glass percentage to be chosen for the 
construction of confidence interval
X. = glass percentage for each observation taken in 
the experiment
75 _ 2
E (x.-x) = 84070.19
i=l ^
s = 0.17025
Therefore the confidence interval is:
k = 0.700 - 0.00226 X
T (x - 45.58667)^ 1/2 
i  [ ( 1 . 9 9 5 7 )  + — B-ij07Q . i 9 - - - ) ( 0 . 1 7 0 2 5 ) ]
and few values of x will generate Table C3.
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Table C3. Upper and lower limits for the confidence interval 
for the mean value of k with a 95% confidence and 
density = 145.0 Ib/ft^.
Lower Limit Estimated k Value Upper Limit
. (Btu/ft-hr-Op) (Btu/ft-hr-OP) (Btu/ft-hr-°P)
0.0 0.634 0.700 0.766
10.0 0.621 0.678 0.735
20.0 0.606 0.655 0.704
30.-0 0.590 0.633 0.676
40.0 0.570 0.610 0.650
50.0 0.547 0.587 0.627
60.0 0.522 0.565 0.608
70.0 0.493 0.542 0.591
80.0 0.464 0.520 0.576
90.0 0.432 0.497 0.562
100.0 0.399 0.474 0.549
The above confidence interval upper and lower limits are 
plotted in Pigure 6, p. 30.
Prediction Interval: the prediction interval for k with
odensity = 145.0 lb/ft is rather too wide to be of any prac­
tical use; therefore, it was not plotted. The reason, in 
this case, for the prediction interval to be too wide is the 
wide spread in density of samples causing a high value of S 
which in turn resulted in a large prediction zone.
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APPENDIX D
COMPUTER PROGRAM LISTING AND 
SAMPLE INPUT AND OUTPUT
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LISTING OF COMPUTER PROGRAM 
Source: C. R. Baer
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D I M E N S I O N  T I T L E ( l 8 ) ,  F m T ( i 3) ,  N A M E Î 1 0 0 ) ,  S ( 5 0 )
D I M E N S I O N  A < 5 0 , 5 0 ) .  X < 5 0 ) >  8 ( 5 0 ) ,  S B < 5 0 >
D A T A  ( N A M E ( 2 » U 1 ) ,  I = l , 5 0 ) / 5 0 * '  X ( ' /
d a t a  ( N A M E ( 2 * 1 ) ,  I = 1 , 5 0 ) / » ! ) ' ,  ' 2)>, ' 3 ) ' ,  1 4 ) 1 ,  ' 5 ) ' ,
1 ' 6 ) > ,  ! 7 ) ' ,  * 8 ) ' ,  ' ? ) ' ,  ' 1 0 ) ' ,  ' I D ' ,  ' 1 2 ) ' ,  ' 1 3 ) 1 ,  ' 1 4 ) ' ,
2 ' 1 5 ) ' ,  ' 1 6 ) ' ,  ' 1 7 ) ' ,  ' 1 8 ) ' ,  ' 1 9 ) ' ,  ' 2 0 ) ' ,  ' 2 D ' ,  ' 2 2 ) ' ,
3 ' 2 3 ) ' ,  ' 2 4 ) ' ,  ' 2 5 ) ' ,  ' 2 6 ) ' ,  ' 2 7 ) ' ,  ' 2 8 ) ' ,  ' 2 9 ) ' ,  ' 3 0 ) ' ,
4 ' 3 1 ) ' ,  ' 3 2 ) ' ,  ' 3 3 ) ' ,  ' 3 4 ) ' ,  ' 3 5 ) ' ,  ' 3 6 ) ' ,  ' 3 ? ) ' ,  ' 3 8 ) ' ,
5 ' 3 9 ) ' ,  ' 4 0 ) ' .  ' 4 1 ) ' ,  ' 4 2 ) ' ,  ' 4 3 ) ' ,  ' 4 4 ) ' ,  ' 4 5 ) ' ,  ' 4 6 ) ' ,
6 ' 4 7 ) 1 ,  ' 4 8 ) ' .  ' 4 9 ) ' ,  ' 5 0 ) ' /
d a t a  y e s . T D L / ' Y ' ,  l , E - 5 /
E Q U I V A L E N C E  ( T I T L E .  F M T ,  A V E ,  BIG), (X, 8)
r e a l  N O R M
WRITE(5,3333)3 3 3 %  F O R M A T ! ' S T E P - W I S E  R E G R E S S I O N  V 2 ' )
W R I T e ( 5 , 1 1 1 1 )1 1 1 1  F O R M A T ! I  I N P U T  F I L E : '  5 X Î )R E A D ( 5 , 1 1 1 2 )  f i l e
1 1 1 2  F 0 R M A T ! A 5 )
C A L L  I F ! L E ( 2 0 , F I L E >
W R I T E ( 5 , 2 2 2 2 )2 2 2 2  F O R M A T ! '  O U T P U T  F I L E : '  4 X 5 )R E A D ( 5 , 1 1 1 2 )  f i l e  
C A L L  0 F I L E ( 2 i , F I L E )W R I T E ( 5 , 3 3 3 4 )
3 3 3 4  F O R M A T ! '  A R E  V A R I A B L E  N A M E S  S U P P L I E D ?  ( T Y P E !  " Y E S "  O R  " N O " ) '  2 X $ )  
R E A D ( 5 , 3 3 3 5 )  Y E S N O
3 3 3 5  F O R M A T ! A l )
2 0 0  R E A D T 2 0 , 1 )  t i t l e1 T 0 R H A T ! 1 8 A 4 )
W R l T E ( 2 l , 2 )  t I t E E2 F 0 R M A T ( 1 H 1 ,  1 8 A 4 / / )
R E A D ( 2 0 , 3 )  K, N O B S
3 F 0 R M A T ! 2 I )
K P l  s K + 1 P H I  ; m o b s  - 1 
W R I T E ! 2 1 , 4 )  K, N O B S4 F O R M A T ! ' 0 N O ,  O F  I N D E P E N D E N T  V A R I A B L E S '  16/
1 ' 0 N U M 8 E R  O F  O B S E R V A T I O N S '  6X, 1 6 / / )
I F ! Y E S N O  .EG. Y E S )  R E A D ( 2 0 . 5 )  (N A M E ( 2 * 1 - I ), N A M E ( 2 * I ) ,  I = l . K P l )
5 F 0 R M A T ( 6 ! 2 a 5 ) ) 
r E A O ( 2 0 , 1 )  F M T  
D O  1 0  I ? l . K P l  
S ( I )  : 0,
D O  10 J = l . K P l  
1 0  A ! I ,U ) T 0,
D O  2 0  L R 1 . N 0 8 S  R E A D ( 2 0 , F M T )  ( X ( I ) ,  I = l . K P l )
D O  2 0  I 3 i . K P i  
S ( I )  : SI I) + X ( I )
DO  2 0  J 5 l . K P l
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2 0  3 A ! I , J )  * X ! I ) » X ( J )
D O  3 0  I s i . K P l  
D O  3 0  J  a I , K P l
A ( I , U )  = A ( I . J )  T S I I ) » S ( J ) / F L O A T ( N O B S )3 0  A ( J , I ) = A ( I , J )
A Y Y  = A ( K P i , K P i )
W R I T E ( 2 1 , 6 !
6 F O R M A T ! ' 0 P R E L I M I N A R Y  A N A L Y S I S  OF D A T A ' / /
1 ' 0 S T A N D A R D  D E V I A T I O N S  A N D  M E A N S ' / /
2 ' V A R  N O , '  4X ,  ' V A R  N A M E '  8X, ' D E V  l l X ,  ' M E A N ' / )
0 0  4 0  I = l . K P lSY = S Q R T ! A ! I , t ) / P h !)A V E  = S ! I ) / F l O a T ! N O B S )
4 0  W R I T E ( 2 1 , 7 )  I, N A M E ! 2 » I - 1 ) ,  N A M E ( 2 » I ) ,  SY ,  A V E
7 F O R M A T ! 16, 6X, 2 A 5 ,  2 F 1 5 . 5 )
W R I T E ! 2 1 , 8 )8 F O R M A T ! ' 0 O O R R E L A T I O N  C O E F F I C I E N T S ' / )
0 0  5 0  I s 1 , KD O  5 0  J s 1 * 1 , K P l  
R = A ( I , J > / S q R T ( A ( I , I ) » A ! J , J ) )
5 0  W R I T E ( 2 1 , 9 )  n a m e  ! 2 * 1 * 1 ) ,  N A M E ! 2 « I ) ,  N A M E  ! 2 » J * 1 ), N A M E ( 2 * J ) ,  R
9 F O R M A T d X ,  2 A 5 .  ' V S  ' 2 A 5 ,  F 1 5 . 5 )  
g 3  T E S T  = N Q R M ! A ,  K, K)B I G  3 0 ,
1 = 0V O I D  : A ( K P 1 , K P 1 ) / P H I  
D O  8 0  I = 1 , K
I F ! A ! I , I ) / T E S T  ,LE. T O D  G O  TO 80 
V = A! I , K P 1 ) « A ! K P 1 .  n / A (  I , I )I F ! V )  60. 80, 7 0  
6 0  FH I  * p H  I + 1.
G O  TO 7 5  
7 0  F H I  3 P H I  - 1,7 5  P E L V  3 V O I D  - ! A ! K P l , K P l )  - V ) / F H I  
I F ! D E L V  ,LE. B I G )  G O  TO 80 
B I G  3 d E L V  
L = IP H I N U  3 F H I
8 0  c o n t i n u e
I F ( L  ,EQ. 0) G O  T O  9 0  P H I  3 P H I N U
C A L L  P I V O T Î A ,  K P l ,  K P l ,  L, L)G O  T O  g 3  
9 0  D O  1 0 0  I 3 i . K  B ! I )  3 0.
I F ! A ! I , K P 1 ) * A < K P 1 . I )  ,GE. 0. )  G O  T O  1 0 0  
S B ! I )  3 S Q R T ! a ! K P 1 , K P 1 ) » a ( I , I ) / P H I )
I F ! A B S ! A ! I , K p l ) ) ,GT, S B ! I ) )  G O  TO 9 5  
C A L L  P I V O T ! A ,  K P l ,  K P l ,  I, I)PH I  s P H I  ♦ 1,
GO TO 9 0
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95 8 ( 1 )  = A ( l . K P l )
1 0 0  C O N T I N U E
I N D  = N O B S  - 1  : I F I X ( P H l )I = P H I
W R I T E ( 2 l , l l )  I ND, I 
11 F O R M A T ! ' I N U M B C R  O F  I N D E P E N D E N T ' /
1 ' v a r i a b l e s  IN R E G R E S S I O N '  6X, 16/
2 ' O D E g R E E S  O f  f r e e d o m ' I I X ,  1 6 / / )
W R I T E ( 2 l , 2 2 )2 2  F O R M A T ! ' 0 C O E F F I C I E N T S  O F  T H E  R E G R E S S I O N  E Q U A T I O N ' / /
1 ' V A R  n o , '  4X, ' V A R  N A M E '  6X, ' C O E F F I C I E N T '  5X,
2 ' S T D  E R R O R '  8X ,  'T T E S T ' / )
C O N S T  = S ( K p l )D O  1 1 0  I e i , K
I F ! B ( I )  ,EQ. 0. )  G O  T O  1 1 0
T = A B S ( B ! I ) / S B ( I ) )W R I T £ ! 2 1 , 3 3 )  I, N A M E ( 2 * I - 1 ) ,  N A M E ( 2 » I > ,  B ( I > ,  S B ( I ) ,  T 
33 F O R M A T ! 16, 6X, 2 A 5 ,  3 F 1 5 . 5 )
C O N S T  = C O N S T  : B ! I ) » S ! ! >1 1 0  C O N T I N U E
C O N S T  = C O N S T / F L O A T I N O B S )
W R I T E ( 2 l , 4 4 )  C O N S T  
4 4  F O R M A T ! ' « C O N S T A N T  T E R M '  F 1 5 . 5 / / / )
R S Q  = 1. , A ! K P 1 i K P 1 ) / A Y Y  
W R ! T £ ( 2 1 , 5 5 )  R S Q  5 5  F O R M A T ! ' ^ C O E F F I C I E N T  O F  M U L T I P L E  D E T E R M I N A T I O N '  F 1 5 , 5 / )  
R = S Q R T ( R S O )
W R I T E ( 2 1 , 6 6 )  R 6 6  F O R M A T ! ' « M U L T I P L E  C O R R E L A T I O N  C O E F F I C I E N T '  F 1 5 . S / )
V a R = a <k p i , k p i ) / p h iS Y  s S q R T ! V A R )W R I T E ! 2 1 , 7 7 )  S Y  
7 7  F O R M A T ! ' « s t a n d a r d  E R R O R  O F  E S T I M A T E '  F l 5 , 5 / )
F = R S Q » A Y Y / ( V a R « F L O A T ! I N D ) )
W R I T E ( 2 1 , 8 8 )  F 8 8  F O R M A T ! ' 0 F  T E S T '  F 1 5 , 5 / 1 H 1 )
W R I T E ! 5 , 4 4 4 4 )  f i l e  4444 F O R M A T ! '  D O N E . ' / '  R E M I N D E R ;  Q U E  ' A5, ' , D A T / 0 1 ? ; D E L ') 
S T O P  
E N D
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S U B R O U T I N E  P l V Q T ( A ,  N, M, R, C!C
C T H I S  S U B P R O G R A M  P E R F O R M S  O N E  S T A N D A R D  P I V O T
0 O P E R A T I O N  IN p l a c e  F O R  E A C H  E N T R Y  T q  T H E  R O U T I N E ,
C S E L E C T I O N  O F  T H E  P I V O T  E L E M E N T  A N D  T E S T I N G  F O R
0 A V A L I D  P I V O T  E L E M E N T  IS A S S U M E D  T O  H A V E  B E E N
C D O N E  P R I O R  T O  E N T R Y  T O  T H I S  S U B P R O G R A M ,
C
C C A L L I N G  S E Q U E N C E
CC A I N P U T  T H E  M A T R I X  T O  B E  P I V O T E DC O U T P U T  c o n t a i n s  t h e  r e s u l t s  O F  T H E  P I V O T
C O P E R A T I O N ,  T H E  I N P U T  M A T R I X  H A ?
c b e e n  a l t e r e d .c
C N I N P U T  T H E  N U M B E R  O F  R O W S  IN T H E  M A T R I X  A
0C M I N P U T  T H E  N U M B E R  O F  C O L U M N S
C
C R I N P U T  T H E  R O W  I N D E X  O F  T H E  P I V O T  E L E M E N T
0
C 0 I N P U T  T H E  C O L U M N  I N D E X  O F  T H E  P I V O T  E L E M E N T
0
C L O C A L  V A R I A B L E SC
C I ,J D O  L O O P  i n d i c e sC
D I M E N S I O N  A ( 5 0 , 5 0 )
i n t e g e r  R , Cc
C T R A N S F O R M  T H E  P I V O T  E L E M E N T ,
A ! R , C )  3 i . / A ( R , C Î
C T R A N S F O R M  T H E  R E S T  OF T H E  P I V O T  R O W ,0 0  1 0  J a 1 « M
1 0  ! F ( J  ,NE, C) A ( R , d î  a A I R , J I “ A ( R , C !
0
C t r a n s f o r m  A L L  E L E M E N T S  O F  T H E  M A T R I X  E X C E P T  F O R
C T H O S E  IN T H E  P i V o T  R O W  A N D  P I V O T  C O L U M N ,
0 0  3 0  I a l , NIF( I  ,E0. R) G O  T O  3 0
0 0  2 0  J a i , M
2 0  I F Î J  ,NE. C) A ( I , U )  a A ! I , J )  - A ( I , c > * A ( R ,J Î3 0  c o n t i n u e
C
C N O W  T R A N S F O R M  T H E  R E S T  O F  T H E  P I V O T  C O L U M N ,
D O  4 0  1 a i , N
4 0  I F t l  ,NE, R) A ! I , C !  ; - A S I ,C )* A ÎR , 0)
R E T U R NEND
R E A L  F U N C T I O N  N O R M ( A ,  N, M)
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C A L L  if'IG S E Q U E N C E
A I N P U T T H E M A T R I X
N I N P U T T H E N U M B E R  O F  R O W S
M I N P U T T H E N U M B E R  OF C O L U M N S
N O R M O U T P U T T H E F U N C T I O N  V A L U E
L O C A L V A R I A B L E S
if U D O L O O P  i n d i c e s
S U M F O R i C O M P U T I N G  T H E  S E V E R A L
C







Cc c c c c D I M E N S I O N  A ( 5 0 , 5 0 )
00 I N I T I A L I S E  THE N O R M  FOR C O M P A R I S O N  P U R P O S E S ,N O R M  3 0,
C
C C O M P U T E  N S U M S  BY ROWS,DO 20 I 3 1 ,N
C0 I N I T I A L I Z E  T HE SUM,SUM 3 0,
C
C C O M P U T E  A SUM,DO 10 J 3 l,M10 S UM 3 S U M  * A B S ( A ( I , U ) )
C
C C H E C K  IF T H I S  S U M  IS THE L A R G E S T  SO FAR, IF SO,C U P D A T E  THE F U N C T I O N  VA L U E ,20 I F ( S U M  ,0T, NORM) N O R M  ; SUM




First variable is the dependent variable, temperature in °F; 
Second variable is the independent variable. In (time), in 
minutes.
54
T - 1 5 9 4
RUN iti FOR Sample #i 
1.9(SF)
2 4 8 , 7 0 . 0 . 6 9 3 1 5  2 4 9 , 2 9 . 1 . 0 9 8 6 1  
2 4 9 , 9 3 , 1 . 3 8 6 2 9  
2 5 0 . 3 4 , 1 , 6 0 9 4 4  
2 5 0 , 6 5 . 1 . 7 9 1 7 6  
2 5 0 , 9 4 . 1 , 9 4 5 9 1  2 5 1 , 0 7 . 2 , 0 7 9 4 4  2 5 1 . 2 2 . 2 . 1 9 7 2 3  






IRUN FOR SAMPLE //1
0NO. OF INDEPENDENT VARIABLES 1
0NUMBER OF OBSERVATIONS 9
OPRELIMINARY ANALYSIS OF DATA 
OSTANDAPD DEVIATIONS AND MEANS
VAR NO. VAR NAME DEV MEAN
1 X(l) 0.89922 250.39778
2 X(2) 0.53 631 1.6 782 7
OCORK'ELATION COEFFICIENTS
X(l) VS X(2) 0.99 720
INUMBER OF INDEPENDENT 
VARIABLES IN RFCPESSION 1
0DEGHEES OF FREEDOM 7
0COEFFICIENTS OF THE REGRESSION EQUATION
VAR NO. VAR NAME CO EFFICIENT STD ERROR T TEST
1 X(l) 0.59475 0.01685 35.29070
GCONSTANT TERM -147.245^67
0COEFFICIENT OF MUL TIPLE DETERMINATION 0.9944]
0MULTIPLE CORRELATION COEFFICIENT 0.99720
0STANDARD ERROR OF ESTIMATE 0.04286
OF TEST 1245.43350
1
